In this study we examined if sleep time, caloric intake and energy expenditure are important contributors to development of ovariectomy-induced obesity in mice fed control or high fat diet (HFD). Twelve female mice at 6 weeks of age were divided into 2 groups: Sham (n = 5) and ovariectomized (OVX, n = 7). Mice were fed control diet for 9 weeks and shifted to HFD for additional 9 weeks. Food intake and body weight were measured daily and body composition was measured weekly by EchoMRI. Energy expenditure (EE), oxygen consumption (VO 2 ), motor activity (MA) and sleep time were monitored at week 9 during control diet and HFD. OVX did not alter caloric intake, body weight or body composition, MA, sleep time or fasting blood glucose, but slightly reduced EE compared to Sham mice on control diet. After HFD feeding, OXV mice had similar caloric intake, lean mass, MA, and blood glucose levels but had significantly greater weight gain (8.2 ± 1.0 vs. 4.8 ± 1.2 g, p < 0.05), increased fat mass and sleep time, and reduced EE (3.3 ± 0.4 vs. 5.5 ± 0.2 kcal/h) and VO 2 (1.12 ± 0.01 vs. 1.83 ± 0.05 ml/min) compared to Sham group. Daytime blood pressure was higher while nighttime heart rate was lower in OVX group. These results suggest that OVX may not substantially alter body weight or body composition in mice fed a normal diet, but when combined with HFD it increases sleep time and reduces EE, leading to greater weight gain and adiposity without altering food intake.
Introduction
Ovarian hormones, including estrogens and progesterone, play an important role in many physiological functions including reproduction, cardiovascular and body weight regulation [1] [2] [3] [4] . Reduction in ovarian hormones, especially estrogens, may predispose women to increased adiposity and metabolic dysfunction including type-2 diabetes [2, 5] . Obesity and associated metabolic abnormalities are more prevalent in postmenopausal compared to premenopausal women [2, 5] . However, diet-dependent and independent mechanisms by which loss of ovarian function may increase central adiposity and causes metabolic abnormalities are still unclear.
Experimental studies in ovariectomized (OVX) rodents have yielded conflicting results on the mechanisms by which ovarian hormones regulate energy balance. For instance, Seidlova-Wuttke et al. [6] demonstrated that OVX leads to increased body weight and adiposity lasting for 12 months after surgery while other studies showed that OVX does not affect body weight or fat mass at 8 to 10 months after surgery [7] . Rogers et al. [8] reported that OVX in mice caused increased adiposity that was associated with decreased energy expenditure but no change in energy intake whereas other studies indicate that OVX causes hyperphagia due mainly to loss of estrogens [9, 10] . Studies by Bhatia et al. [11] [12] [13] showed that estradiol plus progesterone replacement in OVX Syrian hamsters reduced body weight and fat mass without a significant change in food intake, suggesting that ovarian hormones may play an important role in regulating energy expenditure but no major effect on food intake. Differences in diet may have contributed to some of these discrepancies. Therefore, further studies are needed to assess the mechanisms by which loss of ovarian hormones influence energy balance and cause metabolic abnormalities in animals fed normal and obesogenic diets.
Sleep disorders are associated with increases in body weight and adiposity, and postmenopausal women have higher prevalence of sleep difficulties than younger women [14] . However, whether sleep time and reduced energy expenditure contribute to development of OVXinduced obesity is still unclear.
In the present study we examined whether caloric intake, motor activity, energy expenditure and sleep time may contribute to development of OVX -induced obesity in mice fed a control or a high fat diet (HFD). We found that when mice were fed a normal control diet OVX did not alter caloric intake, body weight, body composition, sleep time or fasting blood glucose and insulin concentrations, but reduced energy expenditure and oxygen consumption. However, OVX mice fed a HFD had greater weight gain, increased fat mass and sleep time compared to Sham mice, despite similar caloric intake, lean mass, motor activity and fasting blood glucose and insulin levels. We also observed that daytime blood pressure was higher while nighttime heart rate was lower in OVX mice. Thus, our data suggest that OVX may not substantially alter body weight or adiposity in mice fed a control diet, however, when combined with a HFD it is associated with reduced energy expenditure and increased sleep time, leading to more pronounced weight gain and greater adiposity.
Materials and methods
All experimental protocols and procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Mississippi Medical Center, Jackson, Mississippi. Mice were placed in a 12-h dark (6:00 pm to 6:00 am) and light (6:00 am to 6:00 pm) cycle and given free access to food and water throughout the study.
Animals
Twelve female B6/129 mice at 6 weeks old were divided into two groups: 1) Sham-operated (n = 5) and ovariectomized (OVX, n = 7). When fed a high fat diet, B6/129 mice exhibit many of the metabolic alterations found in humans with obesity [15] .
Ovariectomy
At 3 weeks of age, female mice were weaned, individually housed, and fed a control diet. Three weeks later, they were randomized to two groups. Under 2% isoflurane anesthesia, one group underwent sham operation (Sham), whereas mice in the other group underwent dorsal ovariectomy (OVX). Nine weeks after the surgery, OVX and Sham control mice were switched to a HFD for an additional 9-week period.
Body weight composition and food intake measurements from weaning to adulthood
Mice were individually housed and fed a control diet (Harlan Teklad/ENVIGO, CA 8640, 3.0 kcal/g, 13% fat) starting at 6 weeks of age and continuing until 15 weeks of age. The diet was then switched to a HFD (Harlan Teklad/ENVIGO, TD-0881, 4.7 kcal/g, 45% fat) until the experiments were completed at 25 weeks of age. Body weight was measured twice per week during the normal and high fat diets. Weekly changes in body composition were analyzed using magnetic resonance imaging (4in1 EchoMRI-900TM, Echo Medical System, Houston, TX). To minimize potential stress caused by single housing, we used environmental enrichment in the cages of the mice.
Blood pressure and heart rate measurements
At 23 weeks of age the mice were anesthetized with 2% isoflurane and, under aseptic conditions, a telemetry probe (TA11PA-C10, Data Science, MN) was implanted in the left carotid artery and advanced into the aorta. Ten days after recovery from surgery, mean arterial pressure (MAP) and heart rate (HR) were measured 24 h/day for 5 consecutive days using computerized methods for data collection as previously described [16, 17] . Daily MAP and HR were obtained from the average of 12:12 h light:dark recording using a sampling rate of 1000 Hz with a duration of 10 s every 10-minute period.
Oxygen consumption, motor activity and sleep time
In separate experiments, mice at 22-24 weeks of age (n = 12) were placed individually in metabolic cages (Promethion Metabolic Measurement System, Sable International, NV) equipped with oxygen sensors to measure oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ). Respiratory quotient (RQ) was calculated as the ratio of VCO 2 /VO 2 . Ambulatory spontaneously motor activity was determined using infrared light beams mounted in the cages in X, Y and Z axes.
We also quantified sleep time using duration of immobility of 40s or greater as a surrogate of sleeping as previously described [18] . The very small movements of the body associated with breathing during sleep were ignored in these measurements. The XYZ arrays consist of high resolution (1 cm pacing) infrared beam arrays that are invisible to the animal (wavelength ca. 900 nm). The intensity of these beams is measured in rapid succession and movements are easily detected and a centroid-algorithm calculates the animal position and movements.
Acute air-jet stress test
To determine whether OVX alters MAP and HR responses to acute stress, female mice fed a HFD and implanted with BP telemeters were placed in special cages used for air-jet stress testing as previously described [16] . Mice were allowed to acclimate to the cages for at least 4 h, then MAP and HR were continuously measured for 30 min. The airjet stress was then administered in 5-second pulses every 10 s for 5 min aimed at the forehead of the mice. Changes in BP and HR to acute stress were measured by subtracting the average baseline measurement from the average values recorded during acute stress.
Heart rate variability
To assess the impact of OVX combined with a HFD on heart rate variability (HRV), the RR intervals were extracted using a detection algorithm based on peak-picking of systolic blood pressure continuously measured for 2 h (10:00-12:00 am). We excluded one animal with extreme values of the RR intervals (< 70 and > 500 ms) and other outliers on the basis of the means and standard deviations (SD) of nearby RR values. Time and frequency domain measures were calculated for each second of normal RR interval data using Kubios HRV software (version 2.1). In the time domain, the mean RR intervals, standard deviation of normal R-R intervals (SDNN) and root mean square of the successive differences (RMSSD) were calculated. The coefficient of variance (CV %), defined as the ratio SDNN/mean RR which reflect the variability due to combination of long, intermediate and short term components, was also calculated. In the frequency domain, the power spectral density of RR interval time series was computed, and two different frequency-domain measures of HRV were calculated, low-frequency (LF) 0.4-1.5 Hz and high frequency range (HF) 1.5-4.0 Hz, with data expressed as absolute and arbitrary units. These measurements were taken at the end of the experiment (week 9 of HFD). 
Acute leptin injection
To determine whether OVX reduces the acute anorexic effects of leptin, caloric intake was measured 2, 4, 15 and 24 h after an intraperitoneal leptin (5 mg/kg) or vehicle injection (saline, 0.3 ml) between 5:00 and 6:00 pm in separate groups of non-fasted Sham and OVX mice fed control or HFD diet.
Food intake and cardiovascular responses to fasting/refeeding
To determine whether refeeding responses after prolonged fasting were affected by OVX in mice fed a HFD, the mice were subjected to a 24-h fasting followed by a 3-day period where food was available ad libitum. Food intake, body weight, BP and HR were measured at baseline, fasting, and during 3 days of refeeding.
Plasma hormones and glucose measurements
Plasma leptin and insulin concentrations were measured with ELISA kits (R&D Systems and Crystal Chem Inc., respectively), and plasma glucose concentrations were determined using the Beckman glucose analyzer 2.
Statistical analyses
Data are expressed as mean ± SEM. Significant differences between the two groups were determined by unpaired Student's t-test or 2-way ANOVA followed by Bonferroni's post hoc test when appropriate. One-way ANOVA with repeated measures followed by Dunnett's post hoc test was used for comparisons between control and experimental values within each group when appropriate. A p value of < 0.05 indicates a significant difference.
Results

Uterine weight
To confirm the efficacy of the OVX surgery, uterine weight was measured at the end of the experiment. Uterine weight was significantly reduced in OXV compared to Sham control mice (OVX: 0.05 ± 0.01 vs. Sham: 0.21 ± 0.03 g).
Body weight, lean mass, visceral fat, glucose and hormone concentration responses to OVX
When mice were fed a control diet starting at 6 weeks of age and continuing until 15 weeks of age, there were no significant differences in body weight, caloric intake, fat or lean mass of OVX compared to Sham control mice (Fig. 1A-D) . When fed a HFD OVX mice showed significantly greater weight gain despite similar caloric intake compared to Sham mice ( Fig. 1A and B) . The increase in body weight was mainly accounted for by increased fat mass (Fig. 1C) as total lean mass was not altered by OVX in mice fed a control or HFD (Fig. 1D) . The HFD did not significantly alter fasting glucose and insulin concentrations ( Fig. 1E and F) . Plasma leptin concentration was increased in Sham mice fed a HFD compared to control diet, although the difference was not statistically significant (Fig. 1G) . However, plasma leptin concentration was significantly increased in OVX mice fed a HFD compared to control diet and Sham group (Fig. 1G ).
Respiratory quotient (RQ), oxygen consumption (VO 2 ) and energy expenditure (EE) responses to OVX
Ovariectomy did not alter RQ in mice fed a control diet, however VO 2 and EE were significantly reduced in OVX compared to Sham control mice ( Fig. 2A-C) . Nighttime RQ was significantly reduced in OVX mice fed a HFD (Fig. 2A) . VO 2 and EE were also significantly reduced in OVX mice compared to Sham mice fed a HFD (Fig. 2B and C) . RQ was not altered in Sham mice fed a HFD compared to control diet ( Fig. 2A) , although daytime and nighttime VO 2 and nighttime EE were significantly increased in Sham mice fed a HFD (Fig. 2B and C) .
Effects of OVX on sleep time and motor activity
OVX was associated with significantly greater sleep time during nighttime in mice fed a HFD (Fig. 3A) . OVX mice also showed a tendency for reduced motor activity when fed a control or HFD but these changes were not statistically significant (Fig. 3B) .
MAP, HR and HRV responses to OVX
Compared to Sham group, OXV mice fed HFD had similar daytime and nighttime MAP (Fig. 4A) , whereas HR was significantly reduced in OVX mice during nighttime (Fig. 4B) . We also observed that MAP frequency distribution was slightly, but not significantly, shifted to the right in OVX mice compared to Sham, highlighting their elevated daytime MAP. However, the overall frequency distribution of MAP was not different between groups (Fig. 4C) . Pre stress resting measurements of MAP were not significantly different in OVX compared to Sham mice (Fig. 4D) . In response to acute stress, MAP of OVX and Sham mice increased by 27 ± 2 and 28 ± 2 mmHg, respectively (Fig. 4E) . The total area under the curve of the MAP during the air-jet stress was also similar between groups (Fig. 4F) . At baseline, HR was significantly lower in OVX mice compared to Sham controls (Fig. 4G ) and acute air-jet stress raised HR equally in OVX and Sham mice (Fig. 4G) .
To determine whether OVX plus HFD alters HRV, we analyzed time and frequency domain measures for each second of normal RR interval. Combined OVX plus HFD had no significant effect on RR interval, SDNN, CV% or RMSSD when compared to Sham group (Table 1) . However, we did find significant decrease in LF (which reflects cardiac sympathetic activity) and increase in HF (which reflects cardiac parasympathetic activity) components of HR in OVX mice, suggesting that OVX combined with HFD is associated with increased parasympathetic tone to the heart (Table 2). 
Impact of OXV on food intake responses to leptin
To test whether the acute anorexic effect of leptin is altered in OVX mice fed a control or HFD, leptin was injected and food intake was measured for 24 h. Compared to saline injection as baseline control, leptin injection resulted in similar 24-h reductions in food intake in OVX mice (~26%) and Sham controls (~33%) fed a control diet (Fig. 5A) . The anorexic effect of leptin was observed as early as 2 h post- 
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injection in Sham controls and 4 h in the OVX group. During HF feeding, however, the anorexic effect of leptin was abolished in Sham control mice, whereas leptin injection still reduced food intake in OVX mice at 15 (~37%) and 24 h (~27%) post-injection (Fig. 5B) .
Impact of OVX on food intake, body weight and cardiovascular responses to fasting and refeeding
Prolonged (24 h) fasting resulted in similar weigh weight loss in Sham (~5%) and OVX mice (~4%) (Fig. 6A) . Food intake was significantly increased by 78% in OVX and 59% in Sham control mice on the first day of refeeding (Fig. 6B ) and then returned to baseline values 48 h after normal access to feed was restored. No significant changes were observed in MAP and HR between groups during the refeeding period ( Fig. 6C and D) .
Discussion
An important goal of this study was to test the hypothesis that caloric intake, energy expenditure and sleep time are important contributors to development of OVX-induced obesity in mice fed a HFD. Our study indicates that OVX does not significantly alter body weight or body composition in mice fed a control diet, but when combined with HFD, OVX is associated with increased sleep time, reduced energy expenditure, increased body weight, greater adiposity and elevated plasma leptin concentration. The obesity and associated metabolic changes in OVX mice fed a HFD occurred in the absence of increases in caloric intake or significant changes in fasting glucose or insulin concentrations. Another important, albeit surprising, finding of our study was that OVX did not alter the acute anorexic effect of leptin, HRV or MAP and HR responses to fasting/refeeding and air-jet stress in mice fed a HFD. To our knowledge whether OVX-induced obesity in mice fed a HFD is associated with increased sleep time and reduced energy expenditure has not been previously reported.
Loss of ovarian hormones, especially estrogens, is associated with alterations in energy homeostasis and increased abdominal fat in women [5] . Litwak et al. [19] showed that OVX caused a transient increase in food intake that was reversed by estrogen replacement. In addition, they found that hyperphagia or reduced energy expenditure did not fully account for changes in metabolism and development of obesity after OVX [19] . Reduced spontaneously physical activity and lean mass have also been implicated in contributing to increased adiposity after OVX [20, 21] . Our observations suggest that OVX does not alter caloric intake, body weight or even motor activity, but it does reduce energy expenditure in mice fed a control diet. These results are surprising if one assumes that reduced energy expenditure contributes to weight gain after OVX [22, 23] . A possible explanation for differences in the effects of OVX on body weight in various studies may be differences in genetic background of the mice used. In our experiments B6 mice were used while most experiments that showed increased body weight after OVX were performed in female C57BL/6J [22, 23] .
Our finding that OVX did not cause obesity in mice fed a control diet is consistent with the possibility that loss of ovarian hormones may not substantially alter leptin signaling during a normal diet. Leptin-mediated activation of various CNS pathways, including proopiomelanocortin neurons, is an important regulator of food intake and energy expenditure [24] . Chen et al. however, showed that increased body 10.8 ± 1.1 9.9 ± 0.9 CV% 9.6 ± 0.8 8.9 ± 0.7 RMSSD (ms) 8.1 ± 2.0 5.7 ± 1.4
Data are mean ± SEM, RR, the intervals from systolic peak; SDNN, standard deviation of all R-R intervals; CV%, coefficient of variance (100 × (SDNN / mean RR)); RMSSD, root mean square of successive difference.
Table 2
Frequency domain analysis on heart rate variability (HRV) in Sham and OVX mice. weight after OVX was not due to leptin resistance in rats [25] . Consistent with this observation, we also found normal anorexic responses to leptin injections in OVX mice fed a control diet. Furthermore, the anorexic effects of leptin were preserved in OVX mice fed a HFD, suggesting that loss of ovarian hormones does not substantially attenuate the effects of leptin on food intake regulation.
Since OVX did not alter body weight in mice fed a normal diet, we challenged the mice with a HFD for 9 weeks and characterized their metabolic and cardiovascular responses. We found that OVX mice exhibited greater body weight gain mainly due to increased fat mass when compared to Sham controls despite similar caloric intake. We also observed that these mice had lower nighttime RQ, suggesting that OVX caused a shift toward lipid metabolism when combined with a HFD. In addition, oxygen consumption and energy expenditure were also significantly reduced in OVX mice compared to Sham controls, and these changes occurred in the absence of changes in motor activity. We also observed that RQ was not altered in Sham mice fed a HFD compared to control diet, although daytime and nighttime VO 2 and nighttime EE were significantly increased in these mice, which could contribute to the difference in body weight compared to OVX mice fed a HFD. Although total EE in OVX mice fed a HFD did not decrease below levels observed in OVX fed a normal diet, it is important to note that the OVX mice fed a HFD had greater body weight and more fat mass than OVX mice fed a normal diet. Therefore, EE/gram body weight was reduced in OVX mice fed a HFD compared to OVX mice fed a normal diet.
Although previous studies showed that OVX-induced increased plasma glucose and insulin levels, likely due to insulin resistance [26, 27] , in the present study we found only a slight increase in fasting glucose and insulin concentrations. However, we observed a much greater increase in plasma leptin concentration in OVX mice fed a HFD and this was associated with a much greater increase in fat mass. A possible explanation for these findings is that high plasma leptin concentration in OXV mice may have prevented the development of glucose intolerance and insulin resistance since we [28] [29] [30] [31] and others [32] [33] [34] showed that leptin has potent antidiabetic effects.
Studies in rats suggest that BP increases after OVX and this elevation can be reversed by estrogen replacement therapy [35] [36] [37] . In double estrogen receptor (α and β) knockout mice, however, BP was similar to that of wild-type controls. In addition, treatment with 17β estradiol or estrogen pellets for 60 days did not alter BP in either wild type or double knockout mice [38, 39] . We observed higher daytime BP in OVX compared to Sham control mice on a HFD. However, nighttime HR was significantly reduced in OVX suggesting increased vagal tone which was confirmed using frequency domain analysis and lower LF/HF ratio (index of sympathovagal balance) to the heart. Campos et al. [40] showed no major changes in LF, HF and LF/HF ratio in OVX compared to estrogen treatment group, despite improvement on cardiac autonomic control. They also found increased HRV with estrogen replacement. We found no evidence that OXV alters HRV in mice. Furthermore, OVX did not enhance the HR and BP responses to an acute air jet stress in mice, suggesting that OVX is not associated with enhanced BP or HR responses to an acute stress.
Sleep disorders are associated with metabolic and cardiovascular dysfunction. However the potential mechanisms underlying the association between sleep duration and cardiometabolic dysfunction are not well understood. A meta-analysis of prospective studies showed that the association between sleep duration and risk of type 2 diabetes followed a U-shaped curve [41] . Both short and long sleep durations were associated with significantly greater risk of type 2 diabetes. Our results indicate that increased sleep time is associated with greater weight gain in OVX mice fed a HFD. The 40 s criterion we used to assess sleep is a non-invasive and inexpensive method that provides high correlation with simultaneous EEG/EMG assessment of sleep [18] . To our knowledge this is the first study that has explored the potential impact of sleep time in contributing to altered body weight regulation in OVX mice fed a HFD.
Caloric restriction increases appetite, reduces metabolic rate and decreases sympathetic nervous system activity to the heart, kidneys and brown adipose tissue [42] [43] [44] . Caloric deprivation also decreases HR and BP [29] . In the present study we examined whether OVX alters the food intake and cardiovascular responses to caloric deprivation. We found that OVX mice fed a HFD did not exhibit altered food intake and body weight responses to refeeding after 24 h of fasting. We also did not find significant changes in BP and HR responses to fasting or refeeding. Taken together, our findings suggest that ovarian hormones are not required for normal metabolic and cardiovascular responses to caloric deprivation.
Overall, our results suggest that OVX does not alter body weight homeostasis in mice fed a normal diet, but when combined with a HFD it reduces energy expenditure and increases sleep time and plasma leptin levels without altering food intake or fasting glucose or insulin levels. Our findings suggest that OVX exacerbates the adverse effects of obesity induced by a HFD mainly due to a reduction in energy expenditure and increased sleep time. Although our observations indicate that OVX mice fed a control diet did not have greater weight gain than control mice despite reduced energy expenditure, OVX mice fed a HFD had reduced energy expenditure and increased sleep time associated with greater weight gain without changes in caloric intake. The mechanisms for the increased susceptibility of OVX mice to HFD-induced obesity remain to be elucidated. However, our findings may have important implications for women who have deficiency of ovarian hormones due to menopause or ovariectomy. Further studies are needed to determine whether these findings are relevant to humans and whether therapeutic strategies may be developed to avoid deleterious metabolic effects of a HFD and prolonged sleep time in postmenopausal or ovariectomized women.
